Background. A cultured neonatal rat cardiomyocyte model is used to investigate the expression of the inducible heat shock protein 70 (HSP70i) during hypoxia/reoxygenation and metabolic stress.
Induction of HSP70 in Cultured Rat Neonatal Cardiomyocytes by
Hypoxia and Metabolic Stress Kazumi Iwaki, PhD; Shun-Hua Chi, MSPH; Wolfgang H. Dillmann, MD; and Ruben Mestril, PhD Background. A cultured neonatal rat cardiomyocyte model is used to investigate the expression of the inducible heat shock protein 70 (HSP70i) during hypoxia/reoxygenation and metabolic stress.
Methods and Results. The major HSP70i is increased in its expression at the mRNA and protein level in myocytes exposed to hypoxia/reoxygenation and metabolic stress by the addition of 2-deoxyglucose and sodium cyanide, which are inhibitors known to block ATP production. Surprisingly, the appearance of HSP70 mRNA precedes the intracellular ATP depletion caused by hypoxia, which is contrary to what we observe when the cardiomyocytes are subjected to metabolic stress.
Conclusions. It has been postulated recently that the decrease in intracellular ATP content in cells under stress may be the trigger that leads to the induction of HSP70i by reducing the pool of free HSP70, thus activating the stress response. Our results indicate that although this may be the case during metabolic stress, another route of activation must be used during the early stages of hypoxia in cardiomyocytes. The induction of HSP70i also appears to precede the onset of cellular damage as measured by the release of cytoplasmic enzymes and preincorporated arachidonic acid. This indicates that cardiomyocytes are able to respond to hypoxia/reoxygenation and metabolic stress with increased HSP70i production and points to a potential protective role of heat shock proteins during ischemia/reperfusion injury. (Circulation 1993; 87:2023 -2032 KEY WORDs * heat shock proteins * ischemia * hypoxia * metabolic stress D espite the impressive amount of research dedicated to studying myocardial infarction, only limited knowledge is available on detailed changes induced by myocardial ischemia at the cellular level. Even though maintenance of normal cardiac metabolism is of great importance for the viability of cardiac myocytes, only a limited number of reports are available examining the level of total protein synthesis, degradation, or changes in specific cardiac proteins and mRNAs in ischemic tissue. Ischemia-induced changes in cardiac proteins can be considered to reflect terminal events that are removed several steps from the initial ischemia-induced biochemical alterations, which ultimately lead to cell death. Recent investigations, however, point out that part of the myocardium submitted to ischemic damage is salvageable.1 Restoration of normal cardiac function would require removal of denatured cardiac protein and reestablishment of normal cardiac protein synthesis.
A large number of intracellular physiological changes are associated with ischemia. These changes include All editorial decisions for this article, including selection of reviewers and the final decision, were made by Michael D. Schneider, MD, as guest editor. This procedure applies to all manuscripts with authors from the University of California San Diego or UCSD Medical Center. increased cellular calcium levels, altered osmotic control, membrane damage, free radical production, decreased intracellular pH, depressed ATP levels, oxygen depletion, and decreased intracellular glucose levels.2 All the events mentioned above represent a form of metabolic stress and, in some cases, oxidative stress, which is known to produce protein denaturation within the cell. Interestingly, an increase in denatured or malformed proteins in the cell have been reported to increase the synthesis of the so-called stress or heat shock proteins.3 The heat shock response has been found to occur in all organisms examined to date. It consists of a transient rearrangement of cellular activities to cope with the stress period by protecting essential components within the cell to permit it to resume normal activity during recovery from the stress. 4 In the past decade, several studies have shown that heat shock proteins are readily synthesized in cardiac cells during tissue trauma,5 aortic banding, and hyperthermia.6 Further studies have shown that the most abundant of the heat shock proteins, HSP70, is induced to high levels of expression after conditions similar to those encountered during myocardial ischemia. Ligation of the left anterior descending coronary artery in the heart of experimental animals for several hours produces acute myocardial ischemia, which was found to induce the synthesis of HSP70.78 Isolated perfused rat hearts that were either treated with hyperthermia in vivo or in vitro and with in vitro ischemia were found to accumulate high levels of HSP70.9 Hypoxia decompres-sion was found also to increase the synthesis of HSP70 in vivo in rodent cardiac tissue.'0
In the present study, we used a cultured rat neonatal cardiomyocyte model to study hypoxia/reoxygenation and metabolic stress that caused cellular injury that is cytopathologically similar to ischemic in vivo preparations."",12 Cell injury is followed by the progressive release of cytoplasmic enzymes and preincorporation of [3H]-arachidonic acid into the medium, which correlates with the extent of ATP depletion regardless of the type of stress used." The aims of these studies were 1) to examine the expression of the constitutive and inducible HSP70 (HSP70c and HSP70i) genes in cultured neonatal myocyte models after exposure to hypoxia and metabolic stress, 2) to determine if the induction of HSP70 mRNA is dependent on the type of stress and on the extent of ATP depletion, and 3) to determine the correlation between the time course of induction of HSP70 mRNA and the extent of cell injury.
Our results show that whereas heat shock induces the expression of both HSP70c and HSP70i genes in myocytes, hypoxia and metabolic stress only increase the expression of HSP70i. In addition, we observed that ATP depletion and cellular injury produced by a hypoxic/reoxygenation episode occur after the expression of HSP70 mRNA is already detectable. Recent studies indicate that the decrease in intracellular ATP content in cells under stress leads to the induction of the HSP70i by reducing the pool of free HSP70 available and thus activates the stress response.'3"4 Our results showed that although this may be the case during metabolic stress, another route of activation must be used during the early stages of hypoxia in cardiomyocytes.
Methods

Cell Culture
Neonatal rat myocardial cells were cultured as previously described.'5 Briefly, whole hearts were isolated from 2-3-day-old Sprague-Dawley rats and minced in a balanced salt solution. The myocardial cells were dispersed by the addition of a balanced salt solution containing 0.06% pancreatin (Gibco) and 0.03% collagenase type II (Worthington Biochemical) and then were stirred at 37°C. The supernatant was removed and discarded. Cells were incubated with fresh pancreatincollagenase for 20 minutes at 37°C. The supernatant was collected, and cells were isolated by centrifugation in a tabletop centrifuge for 4 minutes at 1,400 rpm. Cells were resuspended in 2 mL of newborn calf serum (Gibco) and kept at 37°C. The digestion step was repeated four times, and cell suspensions from each digestion were combined and centrifuged at 2,100 rpm for 6 minutes. Cells were then resuspended in 1.5 mL of balanced salt solution per eight to 10 hearts, layered onto a Percoll density gradient (density, 1.059/1.082), and centrifuged at 1,200g for 30 minutes without brake. The band between the two Percoll layers contains the myocyte fraction, which was removed carefully and centrifuged twice in balanced salt solution. Cells were then resuspended in MEM (1.8 mM Ca2`) supplemented with 10% horse serum, 5% FCS, and 1% antibiotics (10,000 U/mL penicillin and 10,000 ,ug/mL streptomycin). The myocyte-enriched suspension was transferred to culture dishes at a density of approxi-mately 1.5 million cells per 60-mm culture dish. Using this technique, after 3 days in culture, the percentage of beating myocytes exceeded 95% in each preparation. The cells reached confluency after approximately 72 hours in the incubation medium (containing serum), at which point the medium was replaced with serum-free medium and experiments were started. The cultured myocytes were exposed to 420C (heat shock) hypoxia or metabolic inhibitors for various time periods. Heat shock treatment was done by floating a sealed culture dish in a 420C water bath for the periods of time indicated. The depletion of ATP was achieved using the following metabolic inhibitors: iodoacetic acid (IAA) sodium salt (Sigma) at 0.01 or 0.03 mM; 2-deoxyglucose (DOG) (Sigma) at 20 mM; and sodium cyanide (NaCN) (Fisher Scientific) at 5 mM, which was added directly to the culture medium for the time periods indicated. Controls for both heat shock and metabolic inhibitor experiments were left in complete media. Hypoxia was achieved by using an anaerobic jar, GasPak System (BBL Microbiology Systems, Becton Dickinson and Co., Cockeysville, Md.) equipped with a GasPak hydrogen and carbon dioxide-generating envelope and a methylene blue indicator to monitor oxygen depletion. The GasPak System jar is capable of depleting the concentration of oxygen down to 0.2-0.6% in 60 minutes and providing a 5-7% CO2 atmosphere.'6 Cultured neonatal rat myocytes were placed in glucose-free and serum-free DMEM and submitted to hypoxic conditions in the anaerobic jar at 370C for the time periods indicated, and controls in glucose-free and serum-free DMEM were left at normoxic conditions at 370C for the total length of the experiment (4.5 hours).
RNA Preparation and Northern Analysis
Total RNA was prepared by the guanidine-HCl method'7 from cultured myocytes that were either treated with heat, metabolic inhibitors, hypoxia/reoxygenation, or control myocytes. Ten micrograms of total RNA of each sample was fractionated on a 1% formaldehydeagarose gel, blotted onto a nylon membrane (Nytran), and subsequently hybridized with specific cDNA probes.17 The cDNA probes used were those for the human HSP70i gene; a BamHI/HindIII fragment of plasmid, pH 2.3,18 containing the complete protein coding region of the gene and the rat HSP70c gene; and a PvuIIDraI fragment of plasmid p33319 containing the complete protein coding region of the gene. The DNA fragments were labeled using [a-32P]-dCTP and the multiprime DNA labeling system (Amersham). Northern blots were hybridized at 42°C overnight and subsequently washed with 0.2xSSC, 0.1% SDS at 55°C and then exposed to x-ray film for 14-16 hours. The results shown are representative of three separate Northern analysis experiments that yielded similar results. Analytical Techniques
Labeling of the membrane phospholipids of the cultured myocytes was achieved as previously described. 20 Briefly, medium containing [3H]-arachidonate (0.2 ,uCi/mL of medium) was placed on confluent cultured myocyte dishes and incubated for a 24-hour labeling period, after which radioactive media was removed. Plates were washed twice with media, placed in fresh media, and either heat shocked, submitted to hypoxic conditions, left untreated, or metabolic inhibitors were added to the media. After various periods of time, the extracellular medium was extracted for radioactive quantitation.
Creatine kinase activity released from hypoxia-treated myocytes was determined by using an SVRCK test kit (Behring Diagnostics, Inc). Lactate dehydrogenase (LDH) activity released from metabolic stressed myocytes was determined by using an LDH test kit (Sigma). Cellular ATP content in cardiomyocytes exposed to hypoxia was measured using the fluorometric method of P. Green-gard21 and high-pressure liquid chromatography of the 6% perchloric acid extracts of the cultured myocytes. Protein concentrations were determined using a Bradford protein assay kit (BioRad).
Labeling of Cellular Proteins and Immunoprecipitation
Cultured myocytes were exposed to heat shock at 42TC for 1 hour in methionine-free MEM and then returned to 370C, at which point the newly synthesized proteins were pulse labeled with [35S]-methionine (Trans [35S]-label, ICN) (100 uCi per plate) for 2 hours. Heat-shocked plates served as a positive control in each experiment. Myocytes treated with metabolic inhibitors (IAA or DOG plus NaCN) for 1 hour in methioninefree medium were pulse labeled with [35S]-methionine in the presence of metabolic inhibitors in the same fashion as described above. Hypoxia-treated myocytes were pulse labeled with [35S]-methionine after hypoxia under normoxic conditions for 2 hours in methioninefree MEM. Cellular protein extract preparation and immunoprecipitation technique were carried out as previously described. 22 The antibody used for immunoprecipitation was a polyclonal antiserum raised against a synthetic peptide identical toJ the C-terminal of the mammalian HSP70s and HSP90s.8
Mobility Shift DNA-Binding Assay
Cultured neonatal rat cardiomyocytes in 100-mm dishes were heat shocked (42°C) for 30 or 60 minutes and submitted to metabolic inhibitors for 1, 2, or 3 hours; in addition, controls for both heat-shocked and metabolic-stressed cardiomyocytes were left in complete media for 1 or 3 hours, respectively. Cardiomyocytes were also submitted to a time course under hypoxic conditions (0.5, 1, 2, 3, 4, and 5 hours) in glucose and serum-free DMEM; controls were maintained in the same media but under normoxic conditions for 5 hours. Immediately after the respective treatments, whole-cell extracts were prepared by washing the cardiac myocytes in ice-cold PBS twice. Cells were then scraped in EBC buffer (50 mM Tris-HCl, pH 8, 120 mM NaCl, 0.5% NP-40, 1 mM PMSF, 2 ,ug/mL leupeptin, 2 ,ug/mL aprotinin, 1 ,ug/mL chymostatin, and 1 ug/mL pepstatin), incubated on ice for 5 minutes, vortexed for 1 minute, and centrifuged for 10 minutes at 4°C. The resulting supernatants were aliquoted, quick-frozen in liquid nitrogen, and stored at -70°C. Protein concentration of the whole-cell extracts was determined by the Bradford assay (BioRad).
The DNA probes used for the mobility shift assays were a synthetic oligonucleotide containing one of the naturally occurring heat shock elements (HSEs) of the rat HSP70i gene (Mestril et al, unpublished). The HSE oligonucleotide is made up of the canonical HSE repeats NGAAN and its complement: HSE synthetic oligonucleotide, 24 bp; CTAGCGAAACTGCTGGAA-GATTCT/GCTTTGACGACCTTCTAAGAGATC. A nonspecific synthetic oligonucleotide was used to determine the specificity in binding of the heat shock factor to the HSE-I oligonucleotide. This nonspecific DNA probe corresponds to a region known as the triple-tandem repeat (TTR), which is found in the transcribed nontranslated 5' region of the rat HSP70i (Mestril et al, unpublished). The TTR oligonucleotide contains no heat shock element repeats: TTR oligonucleotide, 36 bp; TCGACCAGAGCATCCCCGCCG-CCAAGCGCACCTTCC/GGTCTCGTAGGGGCGG-CGGTTCGCGTGGAAGGAGCT.
A synthetic oligonucleotide containing the perfect octamer motif (ATGCAAAT) from the immunoglobulin heavy chain (IgH) enhancer23 was used to control the quality of our neonatal cardiomyocyte whole-cell extracts, especially in the case where metabolic inhibitors were used.
The synthetic oligonucleotides were radioactively labeled by filling in the protruding 5' ends using a DNA polymerase I large fragment (Klenow) in the presence of [a-32P]-dCTP, dATP, dGTP, and dTTP. The radioactively labeled oligonucleotide was purified from free nucleotides by two 2.5-M ammonium acetate/ethanol precipitations. Binding reactions (15 ,uL) were done by incubating 20 ng of the radiolabeled DNA probe (106 cpm) with 3 ,g poly-[dI-dC] and 1 ,ug of heat-denatured herring sperm DNA in a buffer containing 4% Ficoll, 20 mM HEPES, pH 7.9,50 mM KCl, 1 mM EDTA, 1 mM DTT, 0.25 ,ug/mL bovine serum albumin (Sigma) and 15 ,ug of the whole-cell extract, which was added last. In the competition experiments shown in Figure 6A , 1 ,ug of nonradiolabeled competitor oligonucleotide (HSE or TTR) was incubated for 15 minutes at 0°C with the whole-cell extract before addition to the binding reaction mixture. The mixture was incubated at room temperature for 30 minutes, after which loading buffer (4% glycerol, 0.5xTBE, 10 mM EDTA, 0.2 ,ug/mL xylene cyanol, 0.2 ug/mL bromophenol blue) was added and loaded onto a 5% acrylamide gel that was run at 100 V for approximately 3 hours. Gels were then soaked in 5% glycerol for 20 minutes at room temperature, dried onto 3-mm filter paper, and exposed to Kodak x-ray film for 14-16 hours.
Results
To investigate whether the expression of HSP70 is increased in cultured neonatal myocytes in vitro under conditions of oxygen and ATP depletion similar to those found in myocardial ischemia, cultured neonatal rat cardiomyocytes were exposed to hypoxic conditions in the absence of glucose and serum in an anaerobic jar for varying periods of time. After this process, the cells were returned to normal atmospheric conditions, and total RNA was prepared. Figure 1 shows a representative Northern blot of total RNA from neonatal rat cardiomyocytes exposed to hypoxia for 1.5, 3, and 4.5 hours. Controls were left under normoxic conditions in the absence of glucose and serum for 4.5 hours. The Northern blot was probed with the human HSP70i gene'8 and subsequently with the rat HSP70c cDNA. 19 It is important to point out that HSP70i is represented FIGURE 1. Northern blots: Inducible and constitutive heat shock protein (HSP70i and HSP70c) mRNA levels in cultured neonatal rat cardiomyocytes exposed to hypoxia/reoxygenation. Myocytes were placed in an anaerobic jar in glucose and serum-free DMEM for the time periods indicated. Control myocytes were kept in the same media (glucose-free, serum-free) but under normoxic conditions for 4.5 hours. Total RNA from these myocytes was prepared and run on a 1% formaldehyde-agarose gel, blotted onto a nylon membrane, and subsequently hybridized with specific cDNA probes for HSP70i and HSP70c. The position ofrRNA 28S and 18S are shown for reference. in the rodent genome by three different genes that give rise to at least two different sizes of mRNA encoding isoforms of the same protein.24 The HSP70i mRNAs were increased in their expression as early as 1 hour after the start of hypoxic conditions (data not shown). Shown is the 1.5 -hour time point, the earliest point where our methylene blue indicator showed that the anaerobic jar had reached hypoxia (defined as <0.2% oxygen). Continued hypoxia for 3 and 4.5 hours led to a further increase in HSP70i mRNAs. In contrast, the HSP70c mRNA isoform showed no significant hypoxiainduced change (Figure 1 ).
Depletion of intracellular ATP represents a crucial feature of the ischemic process, thus ATP levels were depleted in a selective manner to determine which degree of ATP depression was required to induce HSP70i mRNA. For this purpose, neonatal rat cardiomyocytes were exposed to metabolic stress using different inhibitors that block cellular ATP production. A time course of heat stress induction in cardiomyocytes is shown for comparison (Figure 2A) where both HSP70i and HSP70c are increased in their expression by heat shock. Figure 2B shows a representative Northern blot with total RNA from cardiomyocytes treated with the inhibitors of glycolysis, IAA (0.03 mM), and DOG (20 mM) in combination with an inhibitor of mitochondrial electron transport, NaCN (5 mM) for varying periods of time. Earlier time points (0.5 and 1 hour) showed no induction of HSP70 mRNA (data not shown). Northern blots were hybridized with specific probes to the HSP70c and HSP70i genes. Our results show that HSP70c does not seem to change in its level of expression regardless of the metabolic stressors used. In contrast, HSP70i genes were markedly increased by both IAA and the combination of DOG plus NaCN, whereas DOG alone and NaCN alone do not elicit an induction in the expression of HSP70i even after 4.5 hours (data not shown).
To assess if cardiomyocytes were able to translate the accumulated mRNAs into protein, newly synthesized proteins were pulse labeled with [35S]-methionine (as described in "Methods") after exposure to hypoxia, metabolic stress, and heat shock. Protein extracts, prepared from these cardiomyocytes, were immunoprecipitated using equal amounts of TCA-precipitable counts and a polyclonal antiserum raised against a synthetic FIGURE 2. Northern blots: Progressive changes of inducible and constitutive heat shock protein (HSP70i and HSP70c) mRNA levels in neonatal cardiomyocytes exposed to heat shock (panel A) and metabolic stress (0. 03 mM iodoacetate [IAA] and 20 mM deoxyglucose [DOG] plus 5 mM sodium cyanide [NaCN]) (panel B). The position ofrRNA 28S and 18S are shown for reference. FIGURE 3 . Analysis ofheat shockprotein (HSP70) synthesis at the protein level in cultured neonatal cardiomyocytes subjected to hypoxia for the time periods indicated. Control myocytes were kept in the same media (glucose-free, serumfree) but under normoxic conditions for 4 hours followed by pulse labeling with [I5S1-methionine for 2 hours under normal atmospheric conditions. Cell extracts were prepared and immunoprecipitated proteins were separated by SDS-PAGE, as described in "Methods." The polyclonal antibody used recognizes the shared C-terminal ofHSP70s and HSP9Os, the two prominent bands seen above the HSP70s. peptide identical to the C-terminal of the mammalian HSP7Os8 and subsequently separated by 8% SDS-PAGE. Figure 3 shows a representative gel of protein extracts from cardiomyocytes exposed to hypoxia for varying periods of time. Induction of HSP70i protein occurs in cardiomyocytes as early as 1.5 hours after the start of hypoxic conditions. The results indicate that HSP70i mRNA was translated into protein in cardiomyocytes during hypoxia. Figure 4 presents the results of two independent experiments where cardiomyocytes were exposed to metabolic stress and heat shock. As expected, an increase in temperature induced the rapid synthesis of HSP70i at the protein level. In similar fashion, treatment of the myocytes with DOG and NaCN also increased the expression of HSP70i. Surprisingly, exposure of myocytes to IAA for 3 hours showed a strong decrease in total protein synthesis, although synthesis of mRNA was not inhibited as shown above (Figure 2 ). Experiments of this type were repeated several times using IAA, but in every case, total protein synthesis was decreased in comparison to control, heat shocked, or DOG-plus-NaCN-treated cells (data not shown). One explanation for this diminished protein synthesis in the presence of IAA is that this compound, besides being a glycolytic inhibitor, is also a strong alkylating agent that may affect the proteins involved in the translational machinery.
The depletion of intracellular ATP is an important feature of the ischemic process and was recently postulated to be one of the triggers for the induction of HSP7Oi.l3,14 A decline in ATP levels by <70% is compatible with reversible ischemic injury. Therefore, we were interested in investigating the amount of intracellular ATP depletion during hypoxia/reoxygenation. The time course of hypoxia-induced ATP depletion in neonatal cardiomyocytes indicated that 2 hours of hypoxia resulted in no significant decline in ATP levels ( Figure  5B ). However, significant increases in HSP70i mRNA and protein levels already occurred before 2 hours of hypoxia (Figures 1 and 3 ). Starting at 3 hours of hypoxia, significant ATP depletion ensues, with a progressive decline of ATP levels leading to >90% ATP depletion by 6 hours (Figure 5B ). In addition, determination of creatine phosphokinase (CPK) enzyme leakage from hypoxia exposed cardiomyocytes confirmed that induction of HSP70i occurred during early and reversible phases of cellular injury. No significant release of CPK was detected until after 3 hours of hypoxia ( Figure SA) . Determination of the release of membrane-preincorporated [3H]-arachidonic acid ([3H]-AA) into the extracellular medium demonstrated no significant increased release in cardiomyocytes after 1.5 hours of hypoxia in comparison to control cardiomyocytes (Table 1 ). Significant amounts of released [3H]-AA occurred only after 3 hours of hypoxia. The time course of CPK and [3H]-AA release indicated that after 1.5 hours of hypoxia, only minor if any damage to the cell membranes of cardiomyocytes occurred in our model system, whereas HSP70i mRNA and protein levels were already markedly increased. These results indicate that hypoxia/reoxygenation can increase HSP70i mRNA and protein levels before significant ATP depletion occurs.
The amounts of intracellular ATP content in cardiomyocytes achieved by the different metabolic stresses is given in Table 2 . IAA lowers ATP levels between 55% and 98% of control levels during the time period studied (1.5-4.5 hours), whereas the DOG plus NaCN combination decreases ATP levels by 38-59% of control levels in the same time period. Decreases of cellular ATP levels by metabolic stress would seem to correlate with the levels of mRNA and protein for HSP70i induced. To assess the amount of cell injury caused by the metabolic stress on cardiomyocytes, the amount of cytoplasmic lactate dehydrogenase (LDH) released during the metabolic stress was measured ( Table 2) . Attempts to measure the amount of CPK released failed because of probable interference of the inhibitors contained in the medium with our CPK test kit reagents. In addition, the amount of preincorporated [3H]-AA released from cardiomyocytes subjected to metabolic stress was also measured ( Table 3 ). Both the release of LDH and [3H]-AA to the medium correlated with the amount of ATP depletion achieved by the two different metabolic stress treatments.
The ATP content and cell injury were also determined in neonatal cardiomyocytes exposed to heat shock. The correlation between HSP70i expression, ATP depletion, and cellular injury was found to be similar for heat and metabolic stress (data not shown). FIGURE 4. Analysis of heat shock (HSP70) synthesis at the protein level in cultured neonatal cardiomyocytes treated with heat shock (stress), iodoacetate (IAA), and 2-deoxyglucose and sodium cyanide (DOG +NaCN) for 1 hourfollowed by 2 hours ofpulse labeling with [3SS-methionine. Cell extracts were prepared and immunoprecipitated proteins were separated by 8% SDS-PAGE, as described in 'Methods." The polyclonal antibody used recognizes the shared C-terminal of HSP70s and HSP90s, the two prominent bands seen above the HSP70s. A single HSP70 band can be seen in the control lane corresponding to 73 kd, whereas the inducible HSP70 band (HSP70i) appears below the 73 kd band and is labeled as 71 kd.
To gain a better insight into how hypoxic conditions and metabolic inhibitor treatments affect the activation of HSP70i genes, a mobility shift DNA-binding assay was Time(hr) after the onset of hypoxia FIGURE 5. Graphs show progressive changes of leaked creatinephosphokinase (CPK) activity (panel A) and cellular A TP content in cardiomyocytes exposed to hypoxia/reoxygenation (panel B). Cultured myocytes were exposed to normoxia (o) or hypoxia (e), as described in 'Methods," for the indicated times. Values are the mean +SEM offour preparations; *p<0.01 compared with normoxic group. used.25 The mobility shift assay permitted us to detect if the heat shock transcriptional factor (HSTF) was activated and bound to the HSE of HSP70 promoters during heat shock, hypoxia, or metabolic stress. Whole-cell extracts were prepared from cultured rat neonatal myocytes after heat shock (420C), ATP depletion by metabolic inhibitors, and hypoxia as well as normoxic conditions. The DNA fragment used for the mobility shift assay was a synthetic oligonucleotide containing the naturally occurring HSE from a recently cloned rat HSP70i gene (Mestril et al, unpublished). The mobility shift assay and both the HSE and nonspecific competitor oligonucleotide are described in "Methods." Figure 6A shows the location and specificity of the HSTF-HSE complex on a mobility shift gel. The first panel of Figure 6A shows the appearance of the HSTF-HSE complex when the radioactively labeled HSE oligonucleotide was incubated with heat-shocked cell extracts but not with cell extracts from control cells. A nonspecific protein-DNA complex was observed in the middle of the gel and was found in all cell extracts used. The middle panel of Figure 6A demonstrates the specificity of binding: Inclusion of a 50-fold molar excess of nonlabeled HSE oligonucleotide in the binding mixture leads to the disappearance of the protein-DNA complex due to competition by the nonlabeled HSE for the binding of HSTF. The last panel in Figure 6A shows that if a 50-fold molar excess of nonlabeled, nonspecific oligonucleotide (contains no HSE) was included in the binding mixture, there was no competition for the observed shifted protein-DNA complex, indicating that binding was specific to the HSE oligonucleotide and must be the HSTF-HSE complex. Figure 6B shows the result of incubating the labeled HSE oligonucleotide with cell extracts from cardiac myocytes exposed to normoxic conditions for 5 hours (lane 0) and hypoxic conditions for varying periods of time in glucose-free, serum-free media. Cell extracts from myocytes heat shocked for 1 hour were included as control. The activation of HSTF was transient during hypoxia/reoxygenation, as demonstrated by the presence of the shifted HSTF-HSE complex in cell extracts from myocytes exposed to hypoxic conditions between 2 and 4 hours. Figure 6C shows a similar mobility shift gel where the labeled HSE oligonucleotide was incubated with cell extracts from myocytes exposed to metabolic inhibitors (DOG/NaCN) for 1, 2, and 3 hours as well as control myocytes and myocytes heat shocked for 1 hour.
Cell extracts from myocytes exposed to DOG/NaCN for 3 hours gave rise to the formation of the HSTF-HSE complex, whereas no HSTF-HSE-shifted complex was observed with cell extracts exposed to IAA within this time period (1-3 hours). To ensure that the absence of a HSTF-HSE complex during metabolic stress was not caused by increased proteolysis of nuclear proteins due to cellular damage caused by metabolic inhibitors, especially IAA, extracts from metabolically stressed cardiomyocytes were incubated with an oligonucleotide containing the octamer binding site found in the immunoglobulin heavy chain enhancer (IgH). Figure 6D shows the resulting mobility shift assay where extracts from the same cardiomyocytes used in Figure 6C were incubated with the octamer containing oligonucleotide. All of the extracts from the differently treated cardiomyocytes exhibited a band shift of the IgH oligonucleotide caused by the binding of the ubiquitous octamer-1 binding protein. This leads us to conclude that the absence of a HSTF-HSE complex during metabolic stress using iodoacetate within the period studied is not due to any nonspecific effects of the inhibitor that might affect nuclear proteins such as HSTF.
Discussion Previous studies demonstrated that >70% of the cells in the intact heart are nonmyocardial cells.26 Although several reports have studied the induction of a stress or heat shock protein during acute myocardial ischemia in the hearts of experimental animals,6-10 it remained unclear if this increase in expression of HSP70i occurs in myocytes as well as in all the other cell types that are found in the heart. In the present study, a cultured neonatal rat cardiomyocyte model in which the percentage of myocytes is highly enriched (95%) exhibits an induction of HSP70i during conditions of oxygen deprivation followed by oxygen restoration (hypoxia/reoxygenation) and ATP depletion similar to those encountered during ischemia/reperfusion. This indicates that at least a portion of the increase in HSP70i synthesis, previously observed during myocardial ischemia, is attributable to the myocytic population of the heart.
As shown, cultured neonatal rat myocytes display a remarkable increase in both HSP70i mRNA levels after exposure to 42°C (heat shock), metabolic stress, or hypoxia (Figures 1 and 2 ). As mentioned before, rodent cells have been found to contain three different genes for HSP70i that encode for mRNAs of approximately 2.7 and 2.5 kb in size.24 It is interesting to note that while a heat shock induces HSP70c (threefold to fivefold), the metabolic stress or hypoxic conditions used in the current study had no significant effect on the expression of this form of HSP70. One possible explanation for this lack of detectable induction of HSP70c by metabolic stress and hypoxia is that these forms of stress may use a different signal transduction pathway to regulate HSP70i genes.
Examination of the time course induction of HSP70i mRNAs in neonatal cardiomyocytes during hypoxia showed that HSP70i expression was increased at 1.5 hours after the onset of hypoxic conditions and continued to accumulate at later time points (Figure 1 ). In contrast, HSP70i mRNAs were detectable within 3 hours of exposure to ATP depletion conditions using metabolic inhibitors ( Figure 2B ). Shorter time periods of exposure to metabolic inhibitors (0.5 and 1 hour) showed no induction of HSP70i mRNA (data not shown). In the case where cultured myocytes were exposed to IAA, the induction of HSP70i mRNA was FIGURE 6. Mobility shift DNA-binding assay of whole-cell extracts from neonatal rat cardiomyocytes submitted to heat shock (420C) for the time indicated, location and specificity of the heat shock transcription factor (HSTF), and heat shock element (HSE) complex determined by using a radioactively labeled HSE oligonucleotide and competition with a 50-fold molar excess of nonlabeled HSE (self) or a nonspecific oligonucleotide (panel A); hypoxic conditions for the time indicated or 0 time, which represents a control of myocytes in media lacking glucose and serum for 5 hours (panel B); and metabolic inhibitors (DOGICN, deoxyglucose/sodium cyanide; IAA, iodoacetate) for the time periods indicated (panel C). Cell extracts from panels A, B, and C were incubated with the HSE oligonucleotide as described in "Methods." Whole-cell extracts from the same cardiomyocytes exposed to metabolic inhibitors as shown in panel C were incubated with an octamer containing oligonucleotide: Band shift produced by binding of the ubiquitous octamer-1 binding protein is indicated (Oct-i) (panel D).
approximately 60-fold after 3 hours at a point where ATP depletion and cellular injury have presumably become irreversible, as previously shown." The induction of HSP70i mRNAs was only approximately 10-fold after 3 hours of exposure to DOG plus NaCN at a time when damage to the myocyte by ATP depletion is still considered to be reversible." Interestingly, while a 1.5or 3-hour exposure of cultured myocytes to hypoxia or DOG/NaCN, respectively, induced HSP70i mRNAs leading to the production of HSP70i protein, this was not the case when IAA was used (Figure 4 ). It is uncertain whether this lack of protein synthesis was due to the extent of ATP depletion and cellular damage or if IAA, which is also a strong alkylating agent, renders the cellular translational machinery inactive and eventually leads to cell death.
Activation of HSTF and formation of the HSTF-HSE complex in rat cardiomyocytes during hypoxia was found to be transient and to occur only between 2 and 4 hours after the onset of hypoxic conditions ( Figure 6B ). Although synthesis of the rat HSP70i mRNA was detected before 2 hours of hypoxia, no activation of HSTF was detected until the cardiomyocytes had been under hypoxic conditions for 2 hours. This last observation agrees with a recent report where a myogenic mouse cell line (C2C12) showed activation of HSTF and binding to the HSE of the human HSP70i in addition to induction of the mouse HSP70i gene within 2 hours of hypoxic treatment.27 When cardiomyocytes were exposed to metabolic inhibitors, a difference between the detection of the expression of HSP70i mRNA by Northern analysis ( Figure 4B ) and the activation of HSTF binding to HSE by mobility shift assay ( Figure 6C ) were also observed. Whereas the induction of HSP70i mRNA in cardiomyocytes was detected after 1.5 hours of exposure to DOG/NaCN and 3 hours of exposure to IAA, activation of HSTF binding at these time points by mobility shift assay was not detectable. One possible explanation for the difference between our Northern blot analysis and mobility shift DNA-binding assay for the expression of the HSP70i gene during hypoxia and metabolic stress may be due to a lower level of sensitivity of the mobility shift assay. Still, another possible explanation for the expression of HSP70 mRNA before any detectable HSTF-HSE complex formation during hypoxia and metabolic stress may be due to alternate mechanisms of induction of HSP70 that do not involve HSTF-HSE interaction.
In the present study, the amount of cellular injury to cardiomyocytes during hypoxia was measured by assessing the release of preincorporated [3H]-arachidonate (Table 1) , the leakage of the cytoplasmatic enzyme, creatine phosphokinase, and the total intracellular ATP content (Figure 3 ). Interestingly, no significant cell injury occurred until 3 hours after the onset of hypoxic conditions. It seems that in the case of hypoxia, the induction of HSP70i mRNA, or activation of HSTF binding precedes the appearance of any measurable signs of cell injury in cultured rat cardiomyocytes. This observation indicates that hypoxia represents a form of stress that is capable of triggering the induction of HSP70i through a pathway that does not primarily depend on depletion of intracellular ATP content or cell injury of cardiomyocytes. Recent studies postulate that ATP depletion during stress, especially metabolic stress, is one of the signals of HSP70i induction. HSP70 protein is believed to bind HSTF, which is responsible for activating transcription from heat shock genes. The HSP70-HSTF complex can be dissociated by an increase in denatured or nascent proteins that require binding to HSP70 to maintain their unfolded state. 28 The dissociation of HSP70 from denatured or nascent proteins is known to be an ATP-dependent process; therefore, a decrease in the amount of intracellular ATP would reduce the pool of free HSP70 by diminishing the recycling of HSP70 already bound to denatured proteins. This would cause an increase in the dissociation of the HSTF-HSP70 complex, and HSTF would then be free to induce synthesis of more HSP70.14,29 One possible pathway for the induction of HSP70i in the early stages of hypoxia may be due to protein denaturation caused by changes in cellular metabolism produced by the sudden deprivation of oxygen. As mentioned, protein denaturation, malfolded, or unfolded proteins are known to induce the expression of HSP7Oi.328,29 Although it is possible that small decreases in ATP levels in crucial intracellular compartments, which are not detected by measuring total cellular ATP, may still be responsible for the activation of the HSP70i.
In contrast, the time course of induction of HSP70i mRNA by metabolic stress correlated closely with the amount of cellular damage and ATP depletion in the myocardial cell, as assessed by the release of preincorporated arachidonic acid, LDH release, and cellular ATP levels. Therefore, a decrease in intracellular ATP content in myocytes under metabolic stress may be the trigger for the expression of the HSP7Oi.L4
In summary, it would seem that the induction of HSP70i mRNA correlates more with the extent of cellular injury caused by the blockage of ATP production in the presence of metabolic inhibitors than to the type of metabolic inhibitor used. During hypoxic conditions, at least the initial induction of HSP70i mRNAs seems to be independent of depletion of ATP content or before any signs of cellular damage. This leads to the conclusion that hypoxia constitutes a more complex form of stress, and additional work is needed to elucidate by which mechanism hypoxia induces the expression of the HSP70i. In addition, we believe the present study demonstrates that cultured myocytes have the potential of being a useful model to study the induction mechanism and possible protective role of heat shock proteins during myocardial cell injury.
